Factors Governing the Structure of Volcanic Jets

phase is not isentropic, as will be discussed below, the T-S
diagrams provide a convenient reference for determination of
paths of ascent and stable phases during different parts of the
flow.

Consider first the ascent of the pure fluids illustrated. On
the phase diagrams of Figure 11.4, possible initial conditions
in different types of terrestrial and Ionian reservoirs are illus-
trated on the basis of estimated geotherrns in different tectonic
settings on the two planets (Figure 11.3). All plausible initial
conditions give reservoir fluids that are highly compressed,
liquid, or supercritical. As the fluids ascend from the supply
regions or reservoirs in which they are initially at rest, their
velocities are low because the volume changes associated with
decompression are small as long as the fluids are in this com-
pressed state. As they enter higher levels in the volcanic sys-
tems the fluids begin to expand, but two thermodynamically
different processes may occur that would complicate the ex-
pansion (compare the left and right sides of the phase diagrams
in Figure 11.4): (1) transformation (boiling) of a liquid (low-
entropy) phase to a liquid-plus-vapor mixture and (2) transfor-
mation (condensation) of a vapor (high-entropy) phase to a va-
por-plus-liquid mixture. Only the expansion of CO2 from man-
tle conditions on the Earth (Figure 11.4b), or of SO2 or S from
a very high temperature reservoir on lo (Figures 11.4c and d),
to ambient atmospheric pressure could occur without compli-
cations in the fluid flow due to phase changes. The effects of
phase changes on erupting fluids have been qualitatively dis-
cussed by Kieffer (1982b).

The thermodynamic history and fluid-mechanical properties
of a volatile phase are altered by the presence of entrained
pyroclastic fragments. The entrained fragments increase the
bulk density and effective molecular weight of the erupting
fluid. They can also alter the expansion of the volatile phase
by transferring heat to that phase. Two limiting cases are com-
monly considered: (1) if the entrained fragments are small, heat
can be transferred from the solid fragments into the gas, and
the gas will expand nearly isothermally, and (2) if the entrained
fragments are large, heat cannot be effectively transferred to
the gas and the gas will expand nearly adiabatically. If the
process is reversible, the expansion is also isentropic. For many
volcanic flows the ascent time is 10 to 100 sec, and particles
less than a few millimeters in radius can be considered small
in the sense of heat-transfer properties.

These considerations can be quantified in a simple way by
assuming that the vapor-pyroclastic fragment mixture can be
modeled as a pseudogas. The thermodynamic history of the
solid and gas phases can be calculated separately (details are
given in Appendix A of Kieffer, 1982b). A typical result for
H2O is shown in Figure 11.5, where the ascent path of H2O
alone from a hypothetical kimberlite reservoir is compared with
the path of the H2O if it contains a weight ratio m of pyroclastic
fragments while it ascends. In many magmas, m lies in the
range of 25 to 100. By these standards a relatively small weight
fraction of entrained pyroclastic fragments (m ^ 10) can transfer
sufficient heat to the vapor phase such that phase transfor-
mations do not occur until the fluid has decompressed to 1-
bar pressure, when processes other than isentropic ascent in-
fluence the cooling history. However, the complications that
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FIGURE 11.5 Temperature-entropy phase diagram for H2O com-
paring the thermodynamic history of the H2O during isentropic ascent
of the fluid alone (m = 0 path) with isentropic ascent of a mixture
containing weight ratio, m, of solids to vapor.

phase changes introduce into the fluid flow are avoided only
at the expense of the complexities introduced into the flow by
other processes, such as particle drag and heat transfer. I focus
here on flows that contain sufficient entrained material such
that phase changes do not complicate the flow.

The gross effects of pyroclastic mass and solid-gas heat trans-
fer can be accounted for by the simple pseudogas model men-
tioned above, although particle drag is not considered. To ob-
tain an equation of state for the erupting fluid suitable for use
in the fluid flow equations, the erupting fluid is assumed to be
a mixture of vapor and pyroclastic fragments through its entire
ascent. Thus, in the following sections, reference to the prop-
erties of a "reservoir fluid" is to the properties of this vapor-
particulate mixture in a hypothetical rest state not to the prop-
erties of the magma that physically exists there. The equation
of state of a pseudogas-gas has the algebraic form of the perfect
gas law:

PV = RmT                              (11. la)

and

pVTm = constant.                        (11. Ib)

In these equations, P is pressure, V is the volume of the mix-
ture, T is absolute temperature, Rm is the gas constant, and ym
is the isentropic exponent. Two modifications reflecting the
mixture, rather than vapor, properties are that (1) the gas con-
stant Rm is modified from the value appropriate to the vapor